Human cytomegalovirus (HCMV) can cause life-threatening diseases in neonates and immunocompromised patients. Due to multiple problems caused by the current available drugs, development of new antiviral compounds is urgently needed. In this study, we characterize the anti-HCMV spectrum and mechanism of action of the N-N=-(bis-5 nitropyrimidyl)dispirotripiperazine derivate 27 (DSTP-27). DSTP-27 exhibited strong antiviral activity against two laboratory HCMV strains with different cell tropism as well as ganciclovir (GCV)-sensitive and GCV-resistant clinical isolates in plaque reduction assays and viral growth kinetics experiments. Interestingly, neither infectious nor noninfectious viral particles were observed by electron microscopy. Pretreatment of cell-free virus with DSTP-27 prevented virus infection. The results from time of addition assays, in which DTSP-27 was added to cells (i) before infection, (ii) during virus adsorption, or (iii) after adsorption, demonstrated an inhibitory effect on early steps of the HCMV replication cycle. This observation was confirmed by immunofluorescence as well as Western blot analysis, whereby reduced levels of the immediate early protein IE1, the processivity factor pUL44, and the tegument protein pp28 were detected. Results from attachment and penetration analyses of prechilled human embryonic lung fibroblasts revealed that virus attachment is not blocked. In addition, DSTP-27 inactivated HCMV by stable binding. Taken together, these results demonstrate that DSTP-27 (i) blocks viral penetration by interacting with the host cell and (ii) inactivates HCMV by interacting with the virus.
H
uman cytomegalovirus (HCMV), one of eight human herpesviruses, can cause serious illness in neonates as well as in immunocompromised adults (1, 2) . Transplant and AIDS patients may develop life-threatening diseases as a consequence of primary infection or reactivation of latent infection. HCMV causes syndromes like retinitis, pneumonia, hepatitis, or mononucleosis (3) . Additionally, HCMV infections are associated with congenital neurological complications. All current available drugs like ganciclovir (GCV), valganciclovir, cidofovir, and foscarnet target the viral DNA polymerase. They have limited effects, suffer from long-term toxicity, and cause additional complications, including drug resistance (4) (5) (6) . Therefore, new, well-tolerated anti-HCMV drugs with novel mechanisms of action are urgently needed.
Previously, the N-N=-(bis-5-nitropyrimidyl) dispirotripiperazine derivate 27 (DSTP-27) was discovered as a potential antiviral agent against herpes simplex virus 1 (HSV-1) (7). Studies performed with HSV-1 (8) and papillomaviruses (9) revealed that DSTP-27 prevents virus infection by binding to cell surface heparan sulfate (HS) moieties. The compound blocks infection by cellbound papillomaviruses, leading into a noninfectious entry pathway (9). Schmidtke et al. (8) provided evidence that DSTP-27 also inhibits growth of HCMV. However, neither the spectrum nor the mechanism of anti-HCMV activity of DSTP-27 was studied until now.
Although entry of HCMV into the host cell is poorly understood, it is clear that virus attachment is mediated by interaction with heparan sulfate proteoglycans (HSPG) on the cell surface (10) . It has been demonstrated that HCMV glycoproteins M (gM) and B (gB) are involved in this step (11) . Attachment results in increased amounts of bound virus to the cell membrane, enabling binding to cellular receptors. Several receptors have been discussed and were correlated with cell type specificity. Feire et al. (12) reported that integrins play a role in HCMV entry into human fibroblasts. This group has shown that peptides resembling a disintegrin domain of HCMV gB could block entry. In addition, by using gB-null mutants it was demonstrated that gB is required for entry (13) . In the case of human embryonic lung fibroblasts (HELFs), it is discussed that the epidermal growth factor receptor (EGFR) is used as receptor (14) . In addition, Wang et al. (15) suggested that gH and gB bind to integrin alphabeta 3 as well as to EGFR, whereas both function as a coreceptor for entry. Furthermore, recent work suggested that HCMV gH/gL/UL128-131 use another specific receptor for entry into epithelial and endothelial cells (16, 17) .
In this study, the anti-HCMV activity of DSTP-27 was further analyzed to define its effects on the replication of two laboratory HCMV strains with different cell tropisms as well as of two clinical isolates, a GCV-sensitive isolate (GCV-sens.) and a GCV-resistant isolate (GCV-res.). Furthermore, the mechanism of action of DSTP-27 against HCMV was investigated.
MATERIALS AND METHODS

Cells and virus.
HELFs (European Collection of Cell Cultures, Salisbury, United Kingdom) and human foreskin fibrolasts (HFFs; PromoCell, Germany) were grown in Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (5 U/ml), and streptomycin (50 g/ml). HELF and HFF cells at passages 10 to 15 were used for infections. Experiments were carried out with confluent cell monolayers (1.5 ϫ 10 7 cells). Infection of HELFs with HCMV AD169 (AD169) was carried out as described before (18) . The GCV-resistant isolate carries the substitutions M460I and M406V in HCMV UL97. It was received from K. Hamprecht (Institute of Medical Virology, Tübingen, Germany) at passage 4. The GCV-sensitive isolate was provided by K. Korn (Virologisches InstitutKlinische und Molekulare Virologie, Erlangen, Germany). GCV-sens. or GCV-res. was used at passage 6 or 9, respectively. In addition, experiments were performed with HCMV strain TB40/E obtained from C. Sinzger (Institute of Virology, Ulm, Germany) (19) . This strain has characteristics of clinical isolates concerning endothelial cell tropism, while viral growth is similar to that of a cell culture-adapted strain.
HFFs were used to grow a virus stock and to perform growth kinetics with GCV-sens. isolates. All other HCMVs were propagated and studied in HELF. Virus titers were determined by plaque assay as described previously (20) .
Aqua Bidest generation. Aqua Bidest (double-distilled water) was generated by using the reverse osmosis system euRO100 (Siemens Water Technology, Barsbüttel, Germany) with a conductivity of 0.076 S/cm.
Compounds. N-N=-bis(1-oxido [1, 2, 5] oxadiazolo [3,4-d] pyrimidin-7-yl)-3,12-diaza-6,9-diazonia(5, 2, 5, 2)dispirohexadecane dichloride (DSTP-27) was kindly provided by V. Makarov (RAS Institute of Biochemistry, Moscow, Russia). Its synthesis was described previously (7) . Heparin (Sigma-Aldrich, Deisenhofen, Germany) and/or ganciclovir (Hoffmann La Roche AG, Germany) was used as a reference compound. Ganciclovir was used as positive-control compound in plaque reduction assays. All compounds were dissolved in Aqua Bidest. Stock solutions of 10 mg/ml were stored at Ϫ20°C before use.
Cell cytotoxicity. HELFs (5 ϫ 10 4 ) were seeded in 96-well plates and incubated with different concentrations of DSTP-27 (50 to 500 M) in a final volume of 100 l for 8 days at 37°C. The 50% cytotoxic concentration (CC 50 ) of DSTP-27 was determined using the cell proliferation kit II (XTT; Roche Diagnostic, Mannheim, Germany) as described previously (20) .
Plaque reduction assays. To determine the 50% effective concentration (EC 50 ), HELFs (1 ϫ 10 5 ) were seeded in 24-well plates. Confluent cells were pretreated for 30 min with 2-fold dilutions of DSTP-27 (0.1 to 10 M) in duplicate or left untreated and infected with HCMV AD169, TB40/E, GCV-sens., or GCV-res. at a multiplicity of infection (MOI) of 0.01 in DMEM with 10% FBS for 1 h. Then, the inoculum was replaced by 2 ml methyl cellulose (Methocel MC; Fluka, Deisenhofen, Germany) containing DMEM with 3% FBS. Following incubation for 8 days at 37°C, cells were fixed using an acetone-ethanol composition (95:5) and stained using an IE1/2 antibody (Clone E13; Life Span Biosciences, Seattle, WA, USA) followed by treatment with the AEC (3-amino-9-ethylcarbazole) staining kit (Sigma-Aldrich, Deisenhofen, Germany) as recommended by the manufacturer.
Growth characteristics using virus yield assays. HFF cells (GCVsens.) or HELFs (all other HCMV strains) were seeded in 24-well culture plates (1 ϫ 10 5 cells). Confluent cells were treated with 10 M DSTP-27 or 10 g/ml heparin or left untreated for 30 min at room temperature (RT). After three washing steps with phosphate-buffered saline (PBS), the cells were infected with AD169, TB40/E, GCV-res., or GCV-sens. at an MOI of 1. In addition, GCV-res. was treated with 10 M GCV in comparison to heparin to confirm drug resistance. At 24, 48, 72, 96 , and 120 h postinfection (p.i.), the supernatants were harvested and frozen at Ϫ80°C. After collection at all time points, the supernatants were thawed and transferred to a 12-well plate, and titers were determined by plaque reduction assay (20) .
Thin sectioning and electron microscopy. HELF cells (1 ϫ 10 6 ) were seeded in 25-cm 2 flasks and treated with 10 M DSTP-27 or 10 g/ml heparin for 30 min at 37°C, and unbound compound was removed by three washing steps with HEPES buffer (pH 7.5) and infected with AD169, TB40/E, GCV-res., or GCV-sens. at an MOI of 1. Cells were fixed at 72 h p.i. and embedded as described before (21, 22) . Sections were analyzed using a Tecnai G2 (FEI Company, Eindhoven, Netherlands) electron microscope operated at 120 kV.
Time of addition experiments. HELF cells (1 ϫ 10 5 ) were seeded in 24-well plates and grown until confluence. DSTP-27 (10 M) was added (i) 30 min before infection (and the compound was removed by three washing steps with PBS before infection), (ii) during infection, or (iii) after infection in the methyl cellulose overlay. Infection was performed with AD160 at an MOI of 0.01 for 60 min at 37°C. Then, the inoculum containing nonadsorbed virus was removed by three washing steps with PBS. Afterwards, 2 ml of medium with methyl cellulose was added and the plaque assay was performed as described above.
Influence of DSTP-27 on viral attachment. Prechilled HELF cells were treated with 10 M, 5 M, or 1 M DSTP-27 or 10 g/ml of heparin or left untreated for 30 min at 4°C. The inoculum was detached, and the cells were washed three times with prechilled PBS prior to infection with prechilled HCMV AD169 (MOI, 1) for 2 h at 4°C. Thereafter, unattached virus was rinsed from the cells, and the cells were subjected to plaque reduction assays at 37°C for 8 days.
Detection of immediate early (IE), early (E), and late (L) viral proteins by immunofluorescence. HELF cells were grown on coverslips (1 ϫ 10 5 ), pretreated with 10 M DSTP-27 or 10 g/ml heparin or left untreated for 30 min at RT, and mock-infected or infected with HCMV AD169. At the appropriate time point, cells were fixed with 3% paraformaldehyde as described previously (18) . Detection of HCMV IE1, pUL44, and pp28 was carried out with the monoclonal antibodies (MAb) mAb63-27, BS510, and MAb 5C3 (Santa Cruz Biotechnology, USA) for 45 min at room temperature prior to further incubation for 45 min with Cy3-labeled goat anti-mouse F(ab=) 2 SDS-PAGE and Western blotting for detection of viral proteins. Extracts from mock-infected, untreated infected, or infected cells (72 h p.i.) pretreated for 30 min with 10 M DSTP-27 or 10 g/ml heparin were separated on 8% (wt/vol) polyacrylamide gel, transferred to nitrocellulose sheets, and subjected to Western blot analysis as described previously (23) . Monoclonal antibodies 63-27, BS510, and 5C3 (Santa Cruz Biotechnology, USA) specific for IE1, pUL44, and pp28, respectively, were used as the primary antibody prior to incubation with horseradish peroxidaseconjugated anti-mouse F(ab=)2 fragments (1:5,000 in 3% bovine serum albumin (BSA; Biozol, Eching, Germany). The membranes were reprobed with an antibody against ␣-tubulin (1:5,000; Cell Signaling Technology/ NEB, Frankfurt, Germany) and horseradish peroxidase-conjugated antimouse F(ab=)2 fragments (1:5,000; Biozol, Eching, Germany) to verify equal loading. Detection of protein bands was performed using ECL Plus Western Blotting reagent as recommended by the supplier (GE Healthcare Europe, Munich, Germany). Effects of DTSP-27 on virus inactivation. HCMV AD169 (MOI, 6) was incubated either with 10 M DSTP-27 or with medium for 1 h at 37°C. Untreated virus and virus-compound samples were diluted 1:6 (10 M DSTP-27) and 1:100 (0.1 M DSTP-27) with culture medium, and the cells were infected for 1 h at 37°C. After being washed three times with PBS, the cells were subjected to plaque reduction assays for 8 days.
Studies on DSTP-27 effects on HCMV penetration. Confluent HELF cells were cooled down to 4°C and infected with HCMV AD169 (MOI, 1) for 2 h at 4°C. After removing inoculums by three washing steps with precooled PBS, cells were treated with 10 M, 5 M, or 1 M DSTP-27, 10 g/ml heparin, or medium for 10 min at 37°C. The compound dilutions were aspirated, and the cells were rinsed with Tris-HCl (pH 3.0) in order to inactivate unpenetrated virus. The cells were subjected to plaque reduction assays and analyzed after 8 days.
Statistical analysis. All experiments were performed a minimum of three times. Data were expressed as means Ϯ standard deviations (SD).
RESULTS
DSTP-27 inhibits replication of laboratory HCMV strains with different cell tropisms as well as clinical isolates.
In order to prove the antiviral activity of DSTP-27 against HCMV strains with different cell tropisms and clinical isolates, plaque reduction as well as viral yield assays for growth kinetics were performed. Furthermore, the influence of DSTP-27 on viral particle formation was analyzed by electron microscopy (thin sectioning). Heparin, known to be an inhibitor of HCMV attachment, and/or GCV was included in these studies as a control. In addition, the cytotoxicity of DSTP-27 was investigated to exclude that unspecific effects could affect its anti-HCMV activity.
The results of the plaque reduction assays provided a first piece of evidence for broad anti-HCMV activity of DSTP-27. Cells treated with various concentrations of DSTP-27 were dose dependently protected against infection with AD169, TB40/E, GCVsens., and GCV-res. The EC 50 s were 0.15, 0.16, 0.18, and 0.85 M for GCV-res., GCV-sens., TB40/E, and AD169, respectively ( Table  1) . The potent antiviral effect of DSTP-27 was confirmed for all studied viruses by growth analyses. Cells were treated with 10 M DSTP-27 or 10 g/ml heparin or left untreated prior to infection with AD169 (Fig. 1A) , TB40/E (Fig. 1B) , GCV-res. isolates (Fig.  1C) , or GCV-sens. (Fig. 1D ). Viral titers in the supernatant were determined by plaque reduction assay at indicated time points. The data presented in Fig. 1 confirm the in vitro viral growth inhibition properties of DSTP-27. The virus yield was reduced at 72, 96, and 120 h p.i. Maximum reduction by 90 or 99% was observed at 120 h p.i. for TB40/E and both clinical isolates or AD169, respectively. Furthermore, approximately similar results were obtained for heparin. In addition, the resistance of the GCVres. isolate was confirmed under these experimental conditions (Fig. 1E) .
DSTP-27 was well tolerated by HELF cells. The mean 50% cytotoxic concentration (CC 50 ) was 330 Ϯ 0.01 M (results not shown) after 8 days of treatment. Selectivity indices (SI; ratio of CC 50 to EC 50 ) of about 400 (AD169) or 2,000 (all other studied HCMV strains) underline that DSTP-27 acts highly selectively (Table 1) . Therefore, suppression of viral replication due to cytotoxic side effects of the drug at the concentrations used can be excluded.
Furthermore, in order to determine the formation of viral particles under inhibitor treatment, ultrathin sections of infected HELF cells were examined by electron microscopy. All types of capsids (A capsids are mature capsids without DNA, B capsids resemble procapsids with a scaffold, and mature C capsids contain DNA) were found in the nuclei of untreated cells at 72 h p.i. (Fig.  2A, D, G, and J) . Additionally, infectious virions were observed in the cytoplasm or in the extracellular space ( Fig. 2M, P, S, and V) . In contrast, cells treated with either 10 M DSTP-27 or 10 g/ml of heparin did not produce any viral particles (Fig. 2B, C, E, F, H,  I , K, L, N, O, Q, R, T, U, W, and X), indicating that viral replication did not occur. Taken together, these results demonstrate a strong DSTP-27 blocks an early stage of the HCMV life cycle but not attachment. To determine the stage of viral replication that is sensitive to DSTP-27, the effect of time-dependent drug addition was analyzed in modified plaque reduction assays. HELFs were infected with AD169 at an MOI of 0.01, and DSTP-27 (10 M) was added at different times of the replication cycle. At day 8 p.i., viral plaques of untreated and treated cells were counted and compared. If cells were pretreated with DSTP-27 for 30 min before infection and removed afterwards by several washing steps, viral replication was inhibited by about 90% (Fig. 3) . Addition of DSTP-27 60 min during infection resulted in suppression of viral replication by approximately 70%. Addition of DSTP-27 after infection had only a marginal effect on HCMV replication. These experiments implicate that DSTP-27 inhibits an early stage in the viral infectious cycle.
In order to analyze the effect of DSTP-27 on viral attachment, prechilled HELF cells were treated with 10 M, 5 M, or 1 M DSTP-27 or 10 g/ml heparin or left untreated on ice for 30 min at 4°C. After removal of the inhibitors, cells were infected with prechilled HCMV AD169 for 2 h at 4°C. Unattached virus was aspirated by 3 washing steps, and the cells were subjected to plaque reduction assays (Fig. 4) . Compared to what is observed in the untreated cells, DSTP-27 treatment leads to only approximately 20 to 40% plaque reduction. In addition, analyses with even higher concentrations of the compound did not result in a complete block of attachment (Fig. 4) . The control panel with heparin showed a block of attachment (Fig. 4) . Therefore, attachment of HCMV to HELF was not blocked and this effect of DSTP-27 was concentration independent.
DSTP-27 prevents expression of HCMV proteins. Since DSTP-27 inhibits an early stage of replication, its effect on immediate early (IE; IE1), early (E; pUL44), and late (L; pp28) protein expression was characterized. Coverslip cultures were pretreated with 10 M DSTP-27 or 10 g/ml heparin or left untreated prior to infection with AD169 (MOI, 1.0). As anticipated, expression of IE1 was significantly reduced by DSTP-27. Only few single IE1-, pUL44-, and pp28-positive cells (Fig. 5A , panels a to c, g, and k) were detected. In the presence of heparin, IE1, pUL44, and pp28 expression was less affected (Fig. 5A, panels a, h, and l) . Mockinfected untreated (Fig. 5A , panels a, e, and i) as well as infected untreated (Fig. 5A, panels b , f, and j) cells served as controls.
In Western blot analysis, neither IE, E, nor L proteins were detected in DSTP-27-treated HELFs (Fig. 5B) . In contrast, heparin-treated cells expressed reduced levels of IE1 protein (Fig. 5B) .
DSTP-27 inhibits infectivity of viruses. High-titer HCMV AD169 (MOI, 6) was incubated either with DSTP-27 or with medium for 1 h at 37°C. The samples were diluted 6-fold (10 M DSTP-27; Fig. 6A ) or 100-fold (0.1 M DSTP-27; Fig. 6B ). HELF cells were infected with dilutions of untreated virus (w/o) or with virus pretreated with 10 M DSTP-27 (DSTP-27) and subjected to plaque reduction assays.
Interestingly, binding of DSTP-27 to viruses was very stable; therefore, diluted viruses with bound DSTP-27 were still unable to infect cells (Fig. 6 ). These results demonstrated that DSTP-27 could inactivate HCMV by binding to the virus.
Influence of DSTP-27 on HCMV penetration. In order to investigate the ability to prevent virus penetration, prechilled HELF cells were infected with HCMV AD169 (MOI, 1) for 2 h at 4°C. Thereafter, cells were treated with 1 M, 5 M, or 10 M DSTP-27 or 10 g/ml heparin or left untreated. Penetration occurred at 37°C for 10 min. After washing steps with buffer (pH 3.0), cells were subjected to plaque reduction assays.
It is clearly shown that regardless of the amount of DSTP-27, the compound reduced virus penetration by approximately 75% (Fig. 7) . Heparin treatment leads only to a 50% reduction (Fig. 7) . These results imply that DSTP-27 was able to inhibit penetration of HCMV.
DISCUSSION
Human cytomegalovirus is a member of the herpesvirus family and represents a major human pathogen, causing life-threatening diseases in immunocompromised patients. Due to the failure of the immune system to achieve clearance of the virus, HCMV persists in its host. Since the currently available drugs cause multiple problems, new antiviral therapeutics are urgently in demand. One new class of inhibitors are low-molecular-weight N,N=-bisheteryl derivates of dispirotripiperazine (DSTP) (24) . The current study demonstrates that DSTP-27 not only is an effective inhibitor of herpes simplex virus 1 (HSV-1) replication (7) but also exhibits strong activity against GCV-sensitive (AD169, TB40/E, and GCVsens.) as well as GCV-resistant HCMV.
The compound inhibited plaque formation of all tested HCMV by 50% at concentrations lower than 1 M (Table 1) . Since the compound was well tolerated (CC 50 , 330 Ϯ 0.001 M), the selectivity indexes were high (between 400 and 2,000). These results indicate that DSTP-27 is as effective against HCMV plaque production as the most promising compounds, i.e., BDCRB (22) and letermovir (25) , both targeting the HCMV terminase, and maribavir (26) , targeting the HCMV kinase pUL97.
Like heparin, DSTP-27 reduced viral yield up to 1 to 2 log ( Fig.  1) and prevented virus particle formation as proved by electron microscopy analyses (Fig. 2) . Formation of HCMV capsids as well as noninfectious particles (e.g., dense bodies or NIEPS) and virions was completely blocked in heparin-as well as DSTP-27- Critical to the effect of DSTP-27 was the time of compound addition. Preincubation of the cells resulted in plaque reduction of up to Ն90% compared to the untreated control (Fig. 3) . A similar observation has been reported for HSV-1 and human papillomavirus (HPV) (8, 9) . In addition, these previous studies provide evidence that the mode of action is based on blocking of heparan sulfate function on the cell surface. Binding to heparan sulfate proteoglycans (HSPG) is known to be a prerequisite for attachment of herpesviruses prior to entry via interaction with specific receptors (11, 29, 30) . If the compound was present during viral adsorption, DSTP-27 induced a plaque reduction of about 70%. In contrast, no antiviral activity was found if DSTP-27 was added after viral adsorption. These results indicated that DSTP-27 blocks an early event in the HCMV replication cycle. Immunofluorescence and Western blot analysis confirmed this hypothesis. In DSTP-27-pretreated cells, the expressions of immediate early protein 1 (IE1) was slightly reduced, while expression of processivity factor pUL44 and tegument protein pp28 was strongly affected. Only in few isolated cells was HCMV protein expression observed. In order to shed light on the primary mode of action, attachment assays were performed. These analyses demonstrated that DSTP-27 could not prevent attachment of virions to the cell surface. Recently, Selinka et al. (9) suggested that the mode of action of DSTP-27 for human papillomavirus could be the induction of clustering of heparan sulfate proteoglycans and in consequence clustering of virions on the cell surface. This leads to inhibition of transfer to the specific entry receptor and therefore to noninfectious uptake of HPV. Whether this mechanism is also the case for HCMV has to be elucidated.
Taken together, DSTP-27 (i) prevents penetration of HCMV but not attachment and (ii) inactivates HCMV, thus indicating that the mechanism of action of DSTP-27 is different in HCMV and in HSV-1. Although direct activity against the virus may be considered virucidal, interaction at the cell surface suggests an antiviral mechanism, as noted, for example, for maraviroc, which acts at the cell surface (31) .
In summary, we demonstrated that DSTP-27 is an effective inhibitor of HCMV infection. Analyses lead to the suggestion that DSTP-27 blocks entry, thus preventing viral replication and cellto-cell spread. For treatment of persistent HCMV infection, the constant supply of the inhibitor is required. In this scenario, the stability of DSTP-27 together with its strong inhibitory activity will be a powerful tool for antiviral therapy against HCMV reactivation. This would be a promising therapy for the increasing number of transplant patients suffering from HCMV infection or reactivation.
